Abstract A dynamometer system for testing fuel cell hybrid low-speed electric vehicles (FCHLSEVs) is developed in this work. The system is designed to assist in the analysis and development of FCHLSEVs as well as in the validation of current vehicle performance modeling methods. It will be used as a design and evaluation tool for various vehicular fuel cell power systems and lows-speed electric vehicles. The system consists of: roller units, eddy-current absorber and controller, a custom platform for housing, custom connection and adjustment parts, data acquisition electronics and software, and research software. The paper presents the dynamometer system design; the mechanics model of low-speed vehicles and their testing methods that is used in the design and optimization of FCHLSEV, and the operation of the dynamometer system; the designed dynamometer platform and its variations for testing of various FCHLSEVs, including fuel cell battery hybrid electric scooters and utility vehicles. The work provides a unique research tool for developing the mathematical models and carrying out the design optimization of FCHLSEVs.
successful commercialization of fuel cell vehicles relies on the design optimization of the fuel cell power systems and fuel cell powered vehicles. Mathematical modeling and testing on the performance of different power system and vehicle designs, considering the power demand and system response characteristics for fuel cell vehicles under specific driving cycles, become important. This system modeling and testing approach is an effective way to reduce development costs and to improve the quality of the design. One effective way to observe and compile accurate data pertaining to the real-world system response of a fuel cell vehicle is by dynamometer testing. Dynamometer testing well duplicates the driving cycles of vehicle use in a controllable laboratory setting. It allows different driving conditions from ordinary use to extremes to be quickly tested, serving as an ideal evaluation tool in fuel cell vehicle design and optimization.
A. Development ofLow-Speed Vehicles (LSVs) Low-Speed Vehicles (LSVs) or Low-Speed Electric Vehicles (LSEVs) are normally defined as four-wheeled electric vehicles that have an attainable speed between 32 km/h and 40 km/h on a paved level surface [5, 6] . These vehicles are designed to complement primary vehicles for local neighborhood transportation and for applications such as warehouse and mining transportation (Table 1 [1, 5, 7] ). Low-Speed Hybrid Electric Vehicles (LSHEVs) have two or more sources of onboard power, such as an internal combustion engine (ICE), a battery, or a fuel cell. The battery serves as an energy reservoir to supplement peak power and to store recovered power from regenerative braking. Alternatively, an ultra-capacitor or a flywheel can also be used. Fuel Cell Hybrid Low-Speed Electric Vehicles (FCHLSEVs) are by definition, the vehicles with a combination of a fuel cell and an energy storage device [1, 5] . The hydrogen refueling time is much shorter than the time required recharging a battery. The lower weight of the system is another advantage, considering the heavy weight of the equivalent batterypowered vehicle. However, due to the complexity of the involved technologies and the lack of substantial prior experiences, the design and development of FCHLSEVs is a much more difficult task with many technical challenges. Examples of LSFCHEVs include a small utility vehicle developed by John Deere-Hydogenics Corp ( Figure 1 ) and a fuel cell scooter developed by Palcan Power Systems ( Figure  2 ). Performance Testing ofLow-Speed Electric Vehicles Over the past years, considerable amount of work has been carried out on the modeling and validation of IC or fuel cell hybrid electric vehicles [12] [13] [14] . These include the researches on the vehicle drive performance [12] , as well as the drive train modeling using vehicle performance simulation software and full-scale automotive test facility equipped with roller dynamometers in automotive companies [13] . However, work on the performance modeling and testing for LSEV is very limited, especially for the new FCHLSEVs. At present testing of LSEV has largely focuses on the vehicle development and certification. The primary purpose for these tests is road safety and functionality. To provide for independent assessment of Neighborhood Electric Vehicles (NEV), or LSEVs, the U.S. Department of Energy Office of Transportation Technology supports the NEV America Program to evaluate various NEVs against consistent standards [15] . A certified vehicle must comply with the program's minimum criteria in the following tests: rough road course test; braking test; road course handling test; measurement and evaluation of battery charger performance and vehicle verification; and electric vehicle acceleration, gradeability, deceleration, and constant speed range tests. These tests are targeted to road safety, rather than the design of better performing vehicles as in this work.
II. MODELING OF LOW SPEED ELECTRIC VEHICLES
The objective for generating the mathematical model of a LSEV is to accurately predict the performance of the vehicle on the road, and to support the design optimization of the vehicle, including its powerplant and control system. The model can imitate the static and dynamic behaviors of the vehicle based on the physics principles and empirically determined parameters. Furthermore, the model can be incorporated into the dynamometer system to simulate the road behavior of the vehicle under different control systems and power plants. In this work, we focus on one type of LSEVan electric scooter. To simulate the performance of a scooter, the "power at the wheels" of the vehicle in motion, Pwheel, as a sum of the total demanded power, is commonly used to measure the performance of the vehicle, as given in Eq. Vehicle modeling parameters for a typical electric scooter are listed in Table 2 [7] . These values are based on an average-sized rider of 75 kg in a typical position [1, 2] . To apply the introduced power at the wheels scooter model to the two test electric scooters in authors' research laboratory at the University of Victoria (as shown in Figures 2 and 14 (a)), one battery powered electric scooter and one fuel cell and battery hybrid electric scooter, the power at wheels, Pwheel, the specific power performance models of these two scooters are given in Eqs. (2) and (3), using parameters given in Table 3 . A dynamometer system for testing FCHLSEVs is designed and developed using several major functional components of commercial products. The system was designed for testing small two-wheel vehicle, such as electric scooter, to medium sized golf cart, to larger four wheel utility vehicles, such as the "E-Gator". The system is designed to assist the modeling, analysis and development of FCHLSEVs as well as the validation of current vehicle performance modeling methods. It will be used as a design and evaluation tool for fuel cell powered vehicles. The configuration of the system is illustrated in Figure 7 .
(2)
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The amount of power, needed from the power source, is determined as the power at the wheels divided by the motor and control efficiency, plus the auxiliary power (power required by auxiliary devices, i.e. headlights, signal lights, dashboard, etc.). Poutput =(Pwheel / 7idrivetrain) + Pauxiiary (4) where lidrivetrain is the efficiency of the electric motor and controller subsystem (approximately 0.77) [7] .
For a fuel cell power plant, additional power will be needed to satisfy the parasitic power required by the blowers, fans and coolant pumps. The power needed at the fuel cell power plant is given by (oUtput (1wheel / t1drivetrain) + P uxiliary + P arasitics (5) where, Pparasiic is the parasitic power needed by the fuel cell system [19, 20] . A more sophisticated model would replace the simple single value of 1ldrivetrain by an efficiency map to determine the electric motor efficiency as a function of wheel speed and torque. The first configuration of the system uses a 5" roller assembly and a 20 Hp Eddy current brake; the second configuration of the system uses a larger 12" roller system and a 50-200 Hp water brake; and both configurations fit into one unique platform design (as shown in Figure 6 ), sensors, data acquisition and processing systems, computer control systems, and load applying software. The rollers, brakes, sensors, and computer control software are acquired from Land & Sea Inc [18] . Dynomax2000TM data acquisition and control system satisfies the need of the control system for the dynamometer. The rollers provide an inertial force similar to what the scooter would have subjected to typical road situations. The technical specifications of the 5" roller unit are given in Table 4 . DynomiteTM 12" Vehicle Chassis Roller Assembly is considered as a possible future addition, the configuration II ( Figure 6 (b) ), to test larger fuel cell vehicles. The approximate dimensions and weight of the 12" roller unit are 33"W x 114"L x 14"H and 2850 lbs, respectively. The DynomiteTm 2OHp Eddy-Current Absorber (ECA) is a medium inertia, air cooled device that provides accurately controlled braking torque. To simulate the operation of a larger vehicle, more resistance force needs to be applied. To effectively get rid of the waste heat generated, a water or oil brake provides better solution.
The DynomiteTm data acquisition electronics facilitate the experimental testing procedures by automatically recording true power, torque, rotation speed, elapsed time, etc. at up to 1,000 readings per second per channel. It can be set to automatically apply standard SAE correction factors for air temperature, barometric pressure, and relative humidity.
A. Dynamometer Load Calculation The roller is used to simulate the inertia of the vehicle and its payloads. The inertial torque that simulates the acceleration of the roller can be calculated as follows: T = I a (6) where I is the mass moment of inertia of the roller and ac is the angular acceleration of the roller. The angular acceleration of the roller would be obtained from sensors on the roller assembly. On the other hand, the inertia of the test vehicle and its payloads can be calculated by F =Zma (7) where mi is the mass of the test vehicle and its payloads, including passenger and cargos, and a is the acceleration of the vehicle. To support the simulation, the following relation has to be satisfied:
where rwheel is the radius of the wheel of the test vehicle, TECc is the torque that is needed from the ECA to match the inertia difference between the roller and the vehicle with payloads.
The value of TECA is to be calculated for different vehicle and its payloads, for a given set of rollers.
B. Static Load Calculation from the Eddy Current Absorber As discussed previously, the main purpose of the ECA is to simulate various static load of the vehicle, such that TECAjc = (fdrag + fnc + frr ) X rwheel (9) where, fdrag is the force due to the aerodynamic drag, finc is the force due to the slope, frr is the force due to the rolling resistance of the vehicle, and r wheel is the radius of the vehicle wheel. (12) Now the total torque that is to be generated in the ECA at an instance will be:
The torque is generated, measured, and controlled by the control system of the test software.
C. Combined Loadfrom the Roller and the Eddy Current Absorber At a given instance, the total or combined load to the test vehicle will be the sum from both the ECA and the roller, eVhie/ = Ia +I'Tacc + Tstatic (14) During down hill operation, gravity force on the vehicle and its payload will actually produce a driving force, instead of a resistance. The value offnc component in Eq. (9) is negative. Going back to Eq. (14), since the value of I is constant, the friction torque of the system can be obtained.
IV. DESIGN OF LOW SPEED ELECTRIC VEHICLE TEST BED
In developing a dynamometer platform design for LSFCHIEVs, it is important to consider a range of vehicle characteristics in conjunction with the modules of the dynamometer system to determine the most versatile design. The approximate maximum wheel track, wheelbase and curb weight of four wheeled low-speed vehicles are shown in Table  5 . The configuration of the designed dynamometer system is illustrated in Figure 11 . Figure 11 Configuration of Dynamometer System 2) FCHLSEVs Settings on the Dynamometer Platform At present, the FCHiLSEV under testing in our research laboratory is a fuel cell battery hybrid electric scooter. This vehicle is selected due to its simplicity and representative features. Two electric scooters with identical design and motor drives, one powered entirely by lead acid battery and the other powered by the fuel cell and battery hybrid power system, are used, to better understand the performance characteristics of FCHLSEV; and to test the FCHLSEV modeling, analysis, and design optimization techniques. The Configuration I of the dynamometer system (Figure 6 (a) ) has been made to carry out this task. With some modifications, the designed dynamometer system can also be used for larger vehicles, such as the E-gator, shown in Figures  6 (b) .
A. LSEV Test Bed Platform Design for Housing Dynamometer Components
To minimize potential hazards in vehicle testing operation, to stabilize the running test vehicle, and to have a portable dynamometer system a platform for housing the dynamometer components was designed and constructed.
1) Design to Accommodate Two Different Roller Units The dynamometer design can accommodate two different roller sizes, the 5" diameter rollers for the electric scooters and the 12" diameter rollers for electric utility vehicles, as shown in Figures 6 (a) and (b) , respectively.
(a) (b) Figure 6 Fuel Cell Scooter and Gator Setting on the Dynamometer Platform with 5" and 12" Rollers During the test, the wheel motion of the fuel cell scooter is transmitted to the roller-unit and then to ECA. The loads from the ECA and the roller are transformed back to the vehicle. A belt system is used to pass motion and torque and to damp vibration and shock from the wheel, as shown in Figure 7 . Figure 7 ECA-load Cell-roller Connection Among the various components of the motion and torque transmission mechanism, as shown in Figure 7 , 1 is the roller unit, 9 is the ECA, and 11 is the load cell for torque measurement.
B. Vehicle Test Bed Design for Data Acquisition
To ensure appropriate loads are applied during the vehicle test. The torque and rotation speed at the wheel of the vehicle, or equivalently at the roller and ECA, are measured using torque and RPM sensors. A data acquisition system retrieves the sensor data and passes them to the load control system and analysis unit for later processing. To send the torque and force measurement to the computer, signal conditioners are used to support direct communication from the load cell via conversion of the load cell's analog signal signals to digital information.
C. Torque Measurement
The connections of the load cell are illustrated in Figures 7  and 8 . The measured torque T is the product of the measured force F and the length of the torque arm, d.
T= Fd (16)
A speed sensor is used to sense the rotation speed of the wheel of the vehicle, as well as the distance of the travel and the acceleration, indirectly. The rotation speed sensor used in this work is a magnetic RPM pick-up mounted onto the frame of the dynamometer and the shaft of Eddy current rotor.
V. OPERATION OF LOW-SPEED ELECTRIC VEHICLE TEST BED (LSEVTB)
A. Constructed Low-speed Electric Vehicle Test Bed Construction of the low-speed vehicle test bed was completed at the University of Victoria, as shown in Figures 2, 8 and 14 . The constructed system was first calibrated and a series of initial tests were carried out. The system enabled further experiments to determine and verify the parameters of the LSEV model, and assess the performance of different fuel cell power system and different LSEV designs.
B. System Calibration and Initialization System calibration consists of load cell calibration, rough dynamometer driveline loss calculation, and the set-up of the software console. Calibration of the load cell is needed before the system can be used to ensure the accuracy of the measured torque. The calibration is carried out by calculating the torque value from the product of a known force and a known torque arm distance, to be entered to the software. The parasitic losses of the roller and absorber system due to bearings, belt-pulley connections etc, also needs to be defined for accurate vehicle simulations. In principle, this value can be calculated using Eq. (15) through a coast down test. After the scooter reaches its maximum speed, the wheel of the scooter is lifted off the rollers and the time needed for the roller system to a full stop is measured. Once this result is recorded, driveline losses can be obtained more accurately to avoid the inaccuracy of time measurement using a stop-watch.
Figure 8 Proper Wheel Setting on the Rollers
A coast down test on the constructed dynamometer system was performed and the driveline power loss factor was found to be 0.305 kW at 1556 RPM. The test result is illustrated in Figure 9 . 
C. Initial Tests
To test the dynamometer system, several experiments, including the maximum speed test and the random cruising test, were carried out to find whether the acquired data are meaningful. A sweep test was also carried out to verify the proper function of the absorber.
The maximum speed and random cruising tests showed that the system is fully functional and reacting properly to the speed-up and speed-down actions. Changes of the expected maximum speed and the torque values were obtained and shown in Figures 10 and 1 . At present, due to the lack of an additional optical RPM pick-up sensor to measure the wheel rotational speed of the vehicle, the power of the vehicle cannot be calculated; the power value was thus not given on these graphs. The graphs settings of the system were calibrated to the speed versus the running time.
settings will be used unless they are changed or a different setting is chosen. Because the pulleys of the belt system (roller-absorber) used in our system are identical, the drive ratio is 1. The air flow settings in the software, which are for the turbine calibrations at the top of the carburetor in ICE-powered vehicles, not related to aerodynamic air drag, have nothing to do in our test. The console is also modified according to an electric vehicle data and the units of the console and other formulations in the software adjusted to metric system ( Figure 13 ).
-- Figure 11 Random Cruising Test
The rotational speed of the wheel can be either measured from the RPM sensor mounted onto the shaft of the scooter wheel or obtained from the ratio of the roller diameter to the vehicle wheel diameter. However, use of the additional rotational speed sensor is a more appropriate choice due to * possibility of wheel diameter chance due to tire pressure variation; * difficulty in measuring the installed wheel diameter accurately; and * slippery between the driving wheel of the vehicle and the rollers. To run a sweep test, for example to speed up the scooter from 10 kmlh to 16 kmlh with a certain acceleration rate, these values are entered to the computer and the absorber applies required force to the rollers, and to the wheel of the vehicle, even though the scooter throttle is fully engaged. The test results showed that the reactions of the system with satisfactory results (Figure 12 ). The software uses several configuration files for storing its default settings and customization. These include things such as the console's gauge layout and ranges, engine run information, report format, graph choices, etc. During the use of the test bed, every time a global change is made to the software (calibrating channels or configuring controls); the system will keep those settings. For a new run, the last saved The fuel cell battery hybrid electric scooter (Figure 14 (a) ) is powered by a Palcan PC6 1.2 kW PEM fuel cell stack ( Figures 2 and 14(b) ) with 1 kW system power output. Four sealed lead acid gel batteries provide on board power storage. Three removable Palcan metal hydride Hydrogen Storage canister, Palcan 300 (Figure 14 (b) ), each of which has the storage capacity of 300 liters of hydrogen fuel are used. These two test electric scooters and the developed LSEV test bed provide an ideal environment for studying the performance of LSEVs under different driving cycles, and the interactions between different LSEVs and fuel cell power systems. The equipment will also allow the fuel cell system vehicle performance models to be validated for the design optimization of both PEM fuel cell power system and fuel cell hybrid low-speed electric vehicles of different types. It serves as a versatile and effective research and teaching tool. 
